Abstract-In cognitive radio networks, the cross-channel gain from a cognitive transmitter (CT) to a primary receiver (PR) is critical for spectrum sharing and obtaining the cross-channel gain is very difficult. Even though proactive estimation allows the CT to autonomously estimate the cross-channel gain, it may cause severe interference to the PR. This raises a new issue for spectrum sensing, called spectrum sensing interference. In this paper, we deal with the sensing interference and propose a relay-assisted method to conduct the proactive estimation, which obtains the crosschannel gain with much less interference to the PR. In our method, we let the CT act as a full-duplex amplify-and-forward relay to probe the close-loop power control between primary transceivers. By measuring the power adjustment of the primary signal, the CT estimates the cross-channel gain. Simulation results indicate that our method can reduce the sensing interference to an extremely low level.
I. INTRODUCTION

I
N SPECTRUM sharing, the cross-channel gain from the cognitive transmitter (CT) to the primary receiver (PR) significantly affects the cognitive capacity [1] , [2] . When the cross-channel gain is available, the CT can precisely control its interference to the PR and achieve significant cognitive capacity. However, when the cross-channel gain is not available, the CT has to reduce the transmission power to protect the PR, which inevitably degrades the cognitive capacity. Therefore, efficient spectrum sharing schemes require the cross-channel gain [3] .
In practice, estimating the cross-channel gain is a very challenging task. In frequency-division duplex (FDD) systems, the cross-channel gain can only be estimated by the PR and sent back to the CT via the backhaul link between the two systems.
However, such a backhaul assumption is usually invalid in cognitive radio networks [4] . In time-division duplex (TDD) systems, the cross-channel gain can be obtained by the CT in the PR's reverse transmission if the CT knows the transmission power of the PR. However, such an assumption is also invalid [4] . Therefore, the conventional estimation methods [5] - [7] are not suitable for cognitive radio systems and estimating the cross-channel gain becomes the bottleneck for efficient spectrum sharing.
Recently, a new category of estimation methods, called proactive estimation, is proposed in [8] - [13] to estimate the cross-channel gain, which does not need either the backhaul link or the transmission power of the PR. In proactive estimation, the CT transmits some jamming signals to probe the close-loop power control (CLPC) between the primary transmitter (PT) and PR, i.e., the jamming signals pass through the cross-channel, degrade the signal-to-noise ratio (SNR) at the PR, and force the PT to adjust the transmission power to maintain a certain target SNR at the PR. Then the power adjustment of the PT becomes a function of the cross-channel gain. As a result, by measuring the power adjustment of the primary signal, the CT is able to autonomously estimate the cross-channel gain. Based on the above principle, the proactive estimation has been studied recently. In [8] , the proactive estimation is first proposed to obtain the cross-channel gain in cognitive radio networks. In [9] , [10] , the power of the jamming signals is designed to optimize the estimation performance. In [11] - [13] , the proactive estimation is further developed in multiple antenna systems to obtain the null space or the channel direction information of the cross-channel. However, all these proactive sensing methods require the CT to transmit jamming signals, which may inevitably cause severe interference to the PR. This raises a new issue in the sensing phase, called spectrum sensing interference. Conventionally, spectrum sensing does not cause any interference to the PR since it works passively. Therefore, we need to strictly control the sensing interference to an extremely low level when designing the proactive sensing algorithms. Otherwise, it is difficult to implement the proactive sensing in practical systems.
In this paper, our motivation is to deal with the spectrum sensing interference caused by the jamming-based proactive estimation methods. We propose a relay-assisted method to conduct the proactive estimation. In our method, we let the CT act as a full-duplex amplify-and-forward (AF) relay. This allows the CT to use the relayed primary signal rather than the jamming signal for the probing. As a result, the interference to the PR can be effectively reduced. The main contributions of this paper are summarized as follows.
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• We propose to let the CT act as a full-duplex AF relay to conduct the probing, which can effectively reduce the sensing interference to the PR compared with the conventional jamming-based methods; • We analyze the impacts of the relay on the primary link and find two regions for the CT, in which the CT can conduct the relay-assisted probing without interfering with the PR; • We develop a detection method to identify two interference-free regions for the CT and design two estimators to obtain the cross-channel gain. The rest of this paper is organized as follows. In Section II, we introduce the system model. In Section III, we propose our relay-assisted probing method and obtain two interference-free regions for the CT by analyzing the impacts of the probing on the primary link. In Section IV, we first develop a detection method to identify the two interference-free regions and then design the corresponding estimator for each region. In Section V, we provide simulation results to show the performance. Finally, Section VI concludes the paper.
II. SYSTEM MODEL
In this paper, we consider the spectrum sensing phase. In the figure, the PT serves the PR that is uniformly located inside the disk region with the center PT and the radius R. At the same time, a CT intends to estimate the cross-channel gain from the CT to the PR for spectrum sharing, and the distance between the CT and the PT is r . Here, we denote h k √ g k (k = 0, 1, and 2)
as the channel coefficients among the three nodes, where h k and g k represent the small-scale fading and large-scale path loss coefficients, respectively. In the small-scale fading, the coefficient h k follows Rayleigh distribution with unit variance. In the large-scale path loss [14] , the coefficient g k follows g k (dB) = −128.1 − 37.6 log 10 (l) for l ≥ 0.035 km, (1) where l denotes the distance between two nodes and the system is assumed to operate over 2 GHz frequency band. Furthermore, we consider the block fading channel, where the Rayleigh fading coefficients are constant within each block and they are independent for different blocks. We also assume that all nodes are stationary and their path loss coefficients are constant in different blocks.
In the following, we first introduce the point-to-point model between the PT and PR when the CT keeps silent. Then, we develop the three-node relay model among the PT, CT, and PR when the CT acts as a full-duplex AF relay.
A. Point-to-Point Model Between the PT and PR
Denote x(i, j) as the transmitted signal of the PT with unit power, i.e., E |x(i, j)| 2 = 1, where E [·] is the expectation operator, and i and j denote the indexes of N samples and M blocks. Then the received signal at the PR can be expressed as where p 0 is the transmission power of the PT and n p (i, j) is the addictive white Gaussian noise (AWGN) at the PR with zero mean and variance σ 2 .
We consider the guaranteed primary service with CLPC 1 , where the PT automatically adjusts its transmission power to maintain a certain target average SNR or signal-to-interferenceplus-noise ratio (SINR), denoted asγ T . In particular, the valuē γ T is publicly available knowledge and it is known to the CT. Then we have the relationship betweenγ T and p 0 as follows,
B. Three-Node Relay Model Among the PT, CT, and PR
Since the CT is inside the coverage of the PT for spectrum sharing, it can overhear the PT's signal. Then the received signal at the CT can be expressed as
where n c (i, j) is the AWGN at the CT with zero mean and the variance σ 2 . The corresponding average SNR at the CT can be obtained byγ
When the CT acts as a full-duplex AF relay with the amplitude gain G, the transmitted signal of the CT becomes
In fact, there is a time delay in full-duplex relay between reception and transmission, called signal processing delay. However, the impact of the signal processing delay depends on the relationship between the signal processing delay and the system sample period. If the signal processing delay is relative small compared with the system sample period, the destination cannot distinguish the direct and relay paths. Therefore, we can ignore the signal processing delay in the baseband signal processing model in (6) . This is in particular valid in AF fullduplex relay systems since the AF relay can be implemented through RF circuits with extremely short signal processing delay. This assumption has also been widely used in existing literature on full-duplex relay systems, e.g., [15] - [17] .
Since this paper focuses on proposing a new sensing technique, we do not discuss the specific self-interference suppression techniques. Instead, we assume that most of the self-interference can be cancelled using existing self-interference suppression methods. We model the residual self-interference (after self-interference suppression) as the noise.Then the received signal of the PR has two components: the direct signal from the PT and the relay signal from the CT. In addition, since the two components arrive at the PR via different paths, we define τ as the time-difference-of-arrival (TDOA) [18] between them. Then the overall received primary signal at the PR can be expressed as
where the ρ is the parameter indicating the strength of the residual self-interference in full-duplex relay, α and β are delay indices. As a result, the TDOA becomes τ = αT s + βT b , where T s and T b represent the block period and sample period, respectively.
III. RELAY-ASSISTED PROBING
Our motivation is to deal with the spectrum sensing interference caused by proactive sensing. In conventional proactive sensing, the jamming signal is used to probe the CLPC between the primary transceivers, which allows the CT to autonomously estimate the cross-channel gain. However, as the side effect, using jamming signal inevitably causes the sensing interference to the PR. In particular, the more sensing interference the CT generates, the more effectively the CLPC can be probed, and then the better the estimation performance becomes. To deal with the sensing interference, our solution is to let the CT act as a full-duplex AF relay to conduct the probing, i.e., replace the jamming signal by the primary signal using the full-duplex AF relay. Therefore, the PR can receive the desired signals from both PT and CT, which can effectively reduce the sensing interference to the PR.
In principle, when the CT conducts the full-duplex AF relay, it actually changes the original point-to-point channel between the primary transceivers to the three-node relay channel. Then the original PT-PR channel gain g 0 becomes the equivalent endto-end channel gain (EEECG) g e . If g 0 = g e , the received SNR of the PR becomes unequal to the target SNR. Then the CLPC can be triggered to adjust the transmission power of the PT. As a result, by observing the power adjustment, the CT can estimate the cross-channel gain 2 .
Technically, depending on the relationship between g 0 and g e , the CLPC is triggered in different ways, which has different impacts on the primary link. If g 0 < g e , it means that the CT enhances the primary link. Then the SNR of the PR becomes larger than the target value, and the PT reduces the power to maintain the target SNR. On the other hand, if g 0 > g e , it means that the CT causes interference and degrades the primary link. Then, the SNR of the PR becomes less than the target value, and the PT increases the power to maintain the target SNR. Therefore, to avoid interfering with the PR, our relayassisted probing needs to work in g 0 < g e case since g 0 > g e case causes the interference to the PR.
In the rest of this section, we first obtain the EEECG expressions and then discuss the relationship between g 0 and g e to find two interference-free regions, in which the CT's probing can render g 0 < g e . In the next section, we will design our algorithm to identify the CT located region and estimate the cross-channel gain.
A. Calculate the EEECG g e
As indicated before, since the transmitted signal of the PT travels through different paths, the PR may receive multiple copies of the signal, which arrive at the PR at different time.
Depending on the system bandwidth and also the signal processing ability, the PR may only collect the received signals within a ceratin time duration, which is called the maximum allowable TDOA [18] and defined as T m . If the TDOA of the direct and relay signals is less than the value T m , i.e., τ < T m , it is the small delay case, where the PR treats both of them as the desired signals. Otherwise, if the TDOA is equal to or lager than T m , i.e., τ ≥ T m , it is the large delay case, where the PR only treats one of them as the desired signal and leave the other as the interference. In the following, we derive the EEECG expressions for the small and large delay cases, respectively.
1) Small Delay Case: When τ < T m , the PR treats both direct and relay signals as the desired signals. Then the average SNR at the PR can be obtained according to Appendix A, i.e., (8) , shown at the bottom of the previous page, where the EEECG is
and the approximation error is discussed at the end of Appendix C.
2) Large Delay Case:
When τ ≥ T m , the PR automatically treats the strong one (between the direct and relay signals) as the desired signal and leave the other as the interference. Since either the direct signal from the PT or the relay signal from the CT can be the strong one, we discuss them in the following two subcases.
• Strong Direct Signal: The PR treats the direct signal as its desired signal as long as the direct signal can provide higher SINR than that the relay signal can provide, i.e.,
From Appendix B, the average SINR at the PR can be obtained bȳ
where the EEECG becomes
• Strong Relay Signal: The PR treats the relay signal as its desired signal as long as the relay signal can provide equal or higher SINR than that the direct signal can provide, i.e.,
From Appendix C, the average SINR at the PR can be obtained bȳ
and the approximation error is discussed at the end of Appendix C. Once we obtain the SNRs in (11) and (14), we can substitute them into (10) and have 1 2
When we further substitute (3) and (5) into (16) and obtain
we can have the following inequality
as in [(19) , shown at the bottom of the page]. This indicates that when the amplitude gain G is less than √ a/g 2 , the PR treats the direct signal as the desired signal. Otherwise, the PR treats the relay signal as the desired signal.
B. Relationship Between g 0 and g e
Based on the above EEECG expressions, this subsection discusses the relationship between the original PT-PR channel gain g 0 before the relay and the EEECG g e after the relay. The goal is to find the interference-free regions, in which the CT can conduct the relay-assisted probing without interfering with the PR, i.e., let g 0 < g e always holds. In the following, we first obtain two theorems to find the relationship and then provide two figures to show the impacts of the CT's location and the CT's amplitude gain on the relationship. Theorem 1: In the small delay case, the relay enhances (or degrades) the primary link if the first hop of the relay channel is stronger (or weaker) than the primary channel, i.e.,
Proof: The proof is in Appendix D. Theorem 2: In the large delay case, the relay enhances the primary link if the first hop of the relay channel is stronger than the primary channel and the amplitude gain is greater than the value √ b/g 2 . Otherwise, the relay degrades the primary link if the first hop of the relay channel is stronger than the primary channel but the amplitude gain of the relay is no more than √ b/g 2 , or if the first hop of the relay channel is not stronger than the primary channel, i.e.,
Proof: The proof is in Appendix E. The above two theorems indicate that the relationship between g 0 and g e is mainly determined by three factors: 1) in which case the relay is operating, the small or large delay case? 2) what is the relationship between g 0 and g 1 
• The First Two Factors: Since the first two factors are determined by the location of the CT, we provide Fig. 2 to show the relationship. In the figure, the ellipse and the dashed circle divide the whole coverage of the PT into four regions, called Regions I, II, III, and IV. For the ellipse, the PT and PR are located at the two focuses, and the boundary of the ellipse is determined by the maximum allowable TDOA T m . If the CT is located at any point of the ellipse, the TDOA of the direct and relay signals is equal to T m . Thus, the regions inside the ellipse (Regions I and II) and those outside the ellipse (Regions III and IV) are corresponding to the small and large delay cases, respectively. For the circle, the PT is located at the center and the radius is the PT-PR distance. Therefore, the regions inside the circle (Regions I and III) and those outside the circle (Regions II and IV) are corresponding to g 1 > ρ 2 g 0 and g 1 ≤ ρ 2 g 0 , respectively. In practice, since the CT may appear in any one of the four regions, it needs to identify its located region. This is because the CT can conduct the relay-assisted probing without interfering with the PR only in Regions I and III, i.e., the inequality g 0 < g e only holds for g 1 > ρ 2 g 0 .
• The Third Factor: Since the relationship between g 0 and g e is also affected by the third factor, i.e., the amplitude gain G, we provide Fig. 3 to show how the amplitude gain affects the EEECG g e , where the same system parameters are adopted as in Section V. Here, we pick a specific CT location in each region and provide four EEECG curves based on (9), (12) , and (15). Fig. 3-(a) considers Regions I and III where the first hop of the relay channel is stronger than the primary channel, i.e., g 1 > ρ 2 g 0 . For the CT in Region I, the EEECG is always greater than the primary channel gain, i.e., g e > g 0 , which agrees with Theorem 1.
For the CT in Region III, the EEECG is less (or greater) than the primary channel gain if the amplitude gain of the relay is less (or greater) than the value √ b/g 2 , which agrees with Theorem 2. Fig. 3-(b) considers Regions II and IV where the primary channel is stronger than or equal to the first hop of the relay channel, i.e, g 1 ≤ ρ 2 g 0 . From the figure, both EEECG curves are always less than or equal to the primary channel gain, i.e., g e ≤ g 0 . This is true and agrees with the two theorems. From the above analysis, the relay-assisted probing causes no interference to the PR only in two case: one is the small delay case with g 1 > ρ 2 g 0 , i.e., the CT is located in Region I, and the other is the large delay case with g 1 > ρ 2 g 0 and G > √ b/g 2 , i.e., the CT is located in Region III and the amplitude gain satisfies G > √ b/g 2 . Therefore, the CT needs to be capable of identifying its located region and finding the value √ b/g 2 .
IV. RELAY-ASSISTED ESTIMATION
In the previous section, we investigate the relay-assisted probing and find two interference-free regions for the CT. In this section, we first propose a method to identify the CT located region and find the value √ b/g 2 . Then, we develop the corresponding estimator in each region to obtain the crosschannel gain. Finally, we discuss some unique features of the proposed method.
A. Identify the CT Located Region and Find the Value
We consider a two-step detection method to identify Regions I and III. The first step is to rule out the cases that the CT is in Region II or IV. The second step is to distinguish the two cases whether the CT is located in Region I or III. Meanwhile, the value √ b/g 2 can be obtained.
1) Rule Out Regions II and IV:
As indicated before, since Regions I, III and Regions II, IV are divided according to the relationship between g 0 and g 1 , it is easy to distinguish them by comparing the average SNRs of the CT and PR, i.e., γ c 0 and γ T . This is because these average SNRs are corresponding to the channel gains g 0 and g 1 , i.e.,
Therefore, Regions I, III and Regions II, IV can be distinguished by
whereγ c 0 > ρ 2γ T andγ c 0 ≤ ρ 2γ T are corresponding to g 1 > ρ 2 g 0 and g 1 ≤ ρ 2 g 0 , respectively.
Distinguish Regions I and III:
Once the CT rules out Regions II and IV, the difficulty becomes to distinguish Regions I and III, which can be treated as a two-hypnosis detection problem. Next, we find a test statistic and then obtain a threshold to make a decision.
In principle, for the primary system with CLPC, the channel gain or equivalent channel gain between the PT and PR, i.e., g 0 or g e , determines the transmission power of the PT, i.e., p 0 = σ 2γ T /g 0 and p 1 = σ 2γ T /g e . Since the transmission power of the PT further determines the average SNR of the CT, i.e.,γ c 0 = p 0 g 1 /σ 2 andγ c 1 = p 1 g 1 /σ 2 , we can obtain
which indicates that the relationship between g 0 and g e is corresponding to the relationship of the measured SNRs at the CT before and after the relay, i.e.,γ c 0 andγ c 1 . Thus, it is possible for the CT to distinguish Regions I and III.
• Find the Test Statistic: Fig. 4 provides the measured SNR γ c 1 of the CT in Regions I and III versus the amplitude gain G, where the measured SNRγ c 0 of the CT before conducting the relay is also marked for comparison. From the two figures, the SNR curves in Regions I and III are the inverse of the EEECG curves in Regions I and III in Fig. 3 . As a result,γ c 0 >γ c 1 (corresponding to g 0 < g 1 ) indicates that the relay-assisted probing does not cause interference to the PR. Specifically, as the amplitude gain G reduces from 80 dB, the SNRsγ c 1 in both Regions I and III increase toγ c 0 . In particular, in Region I, the SNR curve reachesγ c 0 at G = √ b/g 2 while Theoretically, if the amplitude gain G is reduced continuously, the test statistic can be obtained without interfering with the PT, i.e.,γ c 0 >γ c 1 always holds. However, in practice, since the amplitude gain G is adjusted by a reducing step G, then the test statistic is actually obtained atγ c 0 <γ c 1 , which introduces interference to the PR. To limit the interference, we adjust the stop threshold by a coefficient 0 < K ≤ 1, i.e., change the original threshold γ c 0 to a new one K γ c 0 , which are shown in Fig. 4 . By selecting the coefficient K , the CT is able to control the interference probability, i.e., P I = Pr{γ c 0 <γ c 1 }.
• Find the Threshold: Fig. 5 provides an example to show the PDF of the test statistic , where the PR is randomly located inside the coverage of the PT, the PT-CT distance is r = 0.2 km, the reducing step of the amplitude gain is G = 0.5 dB, and the coefficient K is set to 0.9. From the figure, once we set a threshold G t , the CT is able to distinguish Regions I and III by
To maximize the correct detection probability, the threshold G t can be obtained by
where Pr{I} and Pr{III} are the probabilities that the CT is in Regions I and III, respectively.
B. Design Estimators
In this subsection, we design two estimators for Regions I and III, respectively.
1) Estimator in Region I:
If the CT is located in Region I, it can conduct the full-duplex relay and change the original PT-PR channel gain g 0 to the EEECG g e in (9) . Then the received average SNR at the PR is changed to a new value. To maintain the target SNRγ T , the PT adjusts the transmission power to
Then, the measured average SNR at the CT becomes
From (5) and (28), we obtain the following relationship,
By substituting (3), (5), (9), (28), and (29) into (27), we havē
Therefore, we can obtain the following estimator for the CT in Region I, i.e.,ĝ 2 =γ
In (31), since the relay-assisted probing causes no interference to the PR for any value of G, we can choose G to minimize the estimation error, which will be discussed in Section V.
2) Estimator in Region III:
If the CT is located in Region III, the amplitude gain needs to be large enough, i.e., G > √ b/g 2 , to let the relay signal be stronger than the direct signal. Then the relay-assisted probing changes the original PT-PR channel gain g 0 to the EEECG g e in (15) . Consequently, the SINR at the PR changes fromγ T toγ in (14) . To maintain the target average SNRγ T , the PT adjusts the transmission power to a new value p 1 , i.e.,
At the CT, the measured average SNR becomes
Therefore, we can obtain the following estimator for the CT in Region III, i.e.,ĝ 2 =γ
where G > √ b/g 2 . In (34), since the relay-assisted probing only causes no interference to the PR for G > √ b/g 2 , we need to consider both the estimation error and the condition G > √ b/g 2 when choosing the value of G, which will also be discussed in Section V.
C. Discussion
From this section, we find that the proposed method can only operate in Regions I and III since the relay-based probing does not cause interference to the PR only in these two regions. In the concept of the cognitive radio and secondary communication, cognitive user is allowed to transmit signals only when it causes no interference to the PR. Otherwise, the cognitive user needs to keep silent. In proactive sensing, as the cognitive user may cause interference to the PR, it is reasonable that the proposed method can only operate in Regions I and III.
From the other side, you may notice that our method cannot operate in Regions II and IV. This may lose some spectrum access opportunities. However, compared with the jammingbased methods, our method still provides much higher spectrum access opportunities. This is because the jamming-based methods cause too much sensing interference to the PR so that they cannot operate in most situations of all regions. In contrast, even though the proposed method may loss some spectrum access opportunities in Regions II and IV, it obtains the very good sensing performance in Regions I and III. As a result, the overall spectrum access opportunity of the proposed method becomes much higher than that of the jamming-based method.
V. SIMULATION RESULTS
In this section, we provide simulation results to demonstrate the performance of the proposed method. Here, we adopt the same system model as shown in Fig. 1 , where the PT is located in the center of the disk with the radius R = 0.5 km, the PR is uniformly distributed on the disk, and the distance between the PT and CT is r km. In the simulation, the target average SNR of the PR isγ T = 10 dB, the reducing step of the amplitude gain is G = 0.5 dB, the maximum allowable TDOA at the PR is T m = 10 −6 second, the noise power is −114 dBm, the number of blocks is M = 200, the number of samples in each block is N = 200, and the number of Monte Carlo trails is 10 3 . For the wireless channels among the three nodes, we consider the path loss, shadowing, and small-scale fading, where the path loss coefficient is determined by the model in (1), the shadowing coefficient follows log-normal distribution with the standard deviation of 4, and the small-scale fading coefficient follows Rayleigh distribution with mean λ k = 1 (k = 0, 1, and 2). When we consider the impacts of the imperfect self-interference suppression (SIS), we set ρ = 1.2598, i.e., raise the noise floor at the CT by 2 dB according to [19] [20] .
In the following, we first determine the coefficient K and the threshold G t to identify the CT located region and find the value √ b/g 2 . Then, we further determine the amplitude gain G to estimate the cross-channel gain. Finally, we provide the performance of the proposed method and also compare with the conventional jamming-based method in [10] . Fig. 6 provides the interference probability of the relayassisted probing for different PT-CT distances. From the figure, as the value of K approaches 1, the interference probability grows. Furthermore, as the PT-CT distance r reduces, the interference probability rises after falling. This is because when the CT is close to the PT, the probability in regions of interference-free is large but the probability of large delay case drops. Then, for a certain reducing step G of the amplitude gain, the reduced value of the SNR becomes large. Then, when the CT obtains the test statistic , it is more likely that γ c 1 > γ c 0 occurs, which increases the interference probability. In the following simulations, we choose K = 0.8 so that the interference probability at P I = 0.05 can be achieved in most situations. Fig. 7 shows the performance of the proposed detection method 3 to distinguish Regions I and III, where the PR is uniformly distributed in Regions I and III. From the figure, as the threshold G t grows from 20 dB to 80 dB, the correct detection probability P d first increases and then decreases. Since the Fig. 8 . The successful estimation probability and estimation error for the CT in Region I. maximum value of P d can be obtain at G t ≈ 52 dB for both curves, we choose the threshold at G t = 52 dB for the rest of the simulations.
A. Determine the Coefficient K and the Threshold G t
B. Determine the Amplitude Gains
In this subsection, we choose the amplitude gains of the two estimators for Regions I and III, respectively. Here, we use both the successful estimation probability and the estimation error to evaluate the performance because the uncertainties of the wireless channel and noise may lead to the failure of the estimation, i.e., the estimators may output negative values. Thus, we define η as the successful estimation probability, i.e.,
where N c is the number of the success estimation values and N s is the number of Monte Carlo trails. For the success estimation values, we further define ε as the estimation error, i.e.,
Fig . 8 provides the performance of the estimator for the CT in Region I, where the PT-CT distance is 0.2 km. From the figure, as the amplitude gain G grows from 40 dB to 75 dB, the successful estimation probability first increases and then decreases while the estimation error first decreases and then increases. Therefore, we choose the amplitude gain at G = 50 dB to obtain the minimum estimation error at ≈ 0.03. Meanwhile, it also achieves the large successful probability at η ≈ 0.9. Fig. 9 provides the performance of the estimator for the CT in Region III, where the PT-CT distance is 0.2 km. From the figure, we observe the similar trend as in Fig. 8 , and the minimum estimation error can be obtained at G = 55 dB. However, since the estimator in Region III requires G > √ b/g 2 , we need to consider the inequality in choosing the amplitude gain.
Specifically, for the CT in Region III, the obtained test statistic is approximately equal to √ b/g 2 , i.e., ≈ √ b/g 2 . Then, Fig. 9 . The successful estimation probability and estimation error for the CT in Region III. we plot the cumulative distribution function (CDF) of in Fig. 10 to indicate the probability Pr{G > √ b/g 2 }. From the figure, as the amplitude gain G grows, the probability Pr{G > √ b/g 2 } increases. Then, it is more likely that the CT causes no interference to the PR. Based on both Figs. 9 and 10, we choose the amplitude gain at G = 65 dB, where the RMSE is about 0.05. Meanwhile, the probability Pr{G > √ b/g 2 } is about 0.9, which indicates that the CT in Region III has about 90% probability to conduct the probing, i.e., the successful estimation probability is about 0.9. Fig. 11 provides the performance of the proposed method, where the amplitude gains for the two estimators are chosen under different PT-CT distances. Here, the CT randomly appears in one of the four regions in Fig. 2 and their probabilities are determined by the PT-CT distance. From the figure, as the PT-CT distance grows from 0.05 km to 0.5 km, the estimation error increases from about 0.01 to about 0.05 while the successful estimation probability decreases from 1 to about 0.05. This is reasonable since the probabilities that Fig. 11 The performance of the proposed estimation method. Fig. 12 The comparison between the proposed and conventional methods.
C. Estimation Performance
the CT is in Region I or III decreases as the PT-CT distance grows. When we further consider the impacts of the residual interference caused by imperfect SIS, it slightly increases the estimation error by about 0.01 ∼ 0.02 and decreases the successful probability by about 0.1. Fig. 12 compares the interference of the different methods under the same estimation error at = 0.04, where the PT-CT distance at r = 0.2 km is considered. Here, we cannot use the interference power as in [8] - [10] to evaluate the sensing interference because our relay-assisted method introduces not only the interference power but also the desired signal power to the PR. In fact, when the primary system adopts the CLPC to maintain a constant target SINR of the PR, the sensing interference actually causes the PT to raise the transmission power. Therefore, we use the power adjustment at the PT, denoted as P = p 1 / p 0 , to evaluate the sensing interference of both jamming-based and relay-based methods. Specifically, we provide the CDF of the PT's power adjustment. If P in dB unit is positive, it means that the CT causes interference to the PR and the PT has to raise the power to compensate the SNR loss. If P in dB unit is negative, it means that the CT does not cause interference to the PR. From the figure, the conventional jamming-based method in [10] has 100% probability 4 to interfere with the PR while the proposed relay-assisted method has only about 5% probability. In other words, the proposed method can reduce the interference probability by about 95%.
Furthermore, our results in Fig. 12 indicate the applicable scenarios for different methods. Specifically, the proposed relay-based method is for the scenario where the primary user is very sensitive to the sensing interference. In contrast, the jamming-based method is for the scenario where the primary user is able to tolerant some sensing interference.
VI. CONCLUSIONS
In this paper, we proposed a relay-assisted probing method to conduct the proactive estimation of cross-channel gain. We found that depending on the location of the CT, the whole coverage of the PT can be divided into four regions and the CT that is located in two of the four regions can conduct the relay-assisted probing without causing interference to the PR. Thus, we developed a detection method to identify the CT located region and designed two estimators for the two interference-free regions, respectively. Simulation results indicated that under the same estimation error, the proposed method can reduce the interference probability from 100% to about 5%, compared with the conventional jamming-based method. Therefore, with the proposed relay-assisted method, the proactive estimation becomes a feasible solution in cognitive radio systems, i.e., it becomes possible for the CT to autonomously estimate the cross-channel gain with neglectable interference to the primary users. As the future work, the proposed method can be extended to other types of the relaying, e.g., computeand-forward (CF) and decode-and-forward (DF) relaying. This allows us to use more signal processing techniques at the CT to enhance the estimation performance.
APPENDIX
A. The Derivation of the Average SNR at the PR in (8)
From the definition of the received SNR at the PR in (8) , which is shown at the bottom of page 3, we obtain
. 4 We notice that the jamming-based method obtains only 10% interference probability in [10] , which is quite smaller than our result in 100%. In fact, this is reasonable since our paper and [10] use different metrics to evaluate the sensing interference. The reference [10] uses the interference power at the PR while our paper uses the power adjustment at the PT. In addition, the interference power threshold in [10] is relative high and thus the PR can tolerant some interference unless the interference power is above a certain value p peak . In contrast, the power adjustment threshold in our paper is set to 0 dB. This threshold is very low and therefore the PR cannot tolerant any interference, i.e., it does not allow the CT's probing to reduce the SINR of the PR or increase the PT transmission power. Therefore, our paper has more strict interference definition than the reference [10] , which leads to different interference probabilities.
According to [21] - [23] , the above expression can be simplified toγ
Since the power of the small-scale fading coefficient h 2 n , (n = S D, S R, R D) follows the Chi-Square distribution, we can obtain the following PDF expression
By substituting (38) into (37), the integral can be calculated by (39), shown at the bottom of the page, where the exponential integral is defined by Ei(x) = 
which can be treated as the approximated close-form expression of the average SNR. This is because the bound is tight, which will be shown at the end of Appendix C.
B. The Derivation of the Average SNR at the PR in (11)
From the definition of the received SNR at the PR, we obtain (41), shown at the bottom of the page.
Once we have the same definitions for (38), we can obtain
Since Ei(−A) ≤ −e −A A+1 , we havē
Be similar to (42), we obtain the lower bound of the received SNR at the PR, i.e., 
As a result, we have
Considering both lower and upper bounds, we can obtain the approximated close-form expression of the average SNR at the PR, i.e., γ ≈ 1 2
where the approximation error will be discussed in Appendix C.
C. The Derivation of the Average SNR at the PR in (14)
From the definition of the received SNR at the PR, we obtain the following derivations . To obtain the close-form expression, we further substitute the inequality Ei(−A) ≤ −e −A A+1 into (49). Then, we can obtain the approximation of the received SNR at the PR as follows
Next, we provide Fig. 13 to demonstrate the approximation error in Appendixes A, B, and C, where the theoretical curves are obtain from (40), (47), and (50), respectively. From the figure, in most the regions, the theoretical curves match the simulation curves very well. The largest performance gap is less than 1 dB, Therefore, the approximations in the three appendices are valid.
D. The Proof of Theorem 1
Theorem 1 considers the relationship between g 0 and g e in the small delay case. The proof is based on the definition of the EEECG g e in (9) . Specifically, If g 0 < g e , we have
Then, g 1 > ρ 2 g 0 can be obtained by simplifying (51). Similarly, we can also obtain g 1 ≤ ρ 2 g 0 for g 0 ≥ g e . This completes the proof.
E. The Proof of Theorem 2
Theorem 2 considers the relationship between g 0 and g e in the large delay case. When the PR treats the direct signal from the PT as the desired signal and relay signal from the CT as interference. It is the strong direct signal case and the amplitude gain of the CT meets G < √ a/g 2 . Then, the corresponding EEECG is (12) .
Suppose that the original primary channel gain is weaker than the EEECG, i.e., g 0 < g e , then we have
Since (G 2 P 0 g 1 g 2 )/σ 2 + ρ 2 G 2 g 2 ≥ 0, this is against the
